A cascaded integrator-comb (CIC)-based decimator is proposed, which consists of an area-efficient structure aided with an embedded simplified Chebyshev-sharpened section. Taking traditional CIC filters as a reference, the proposed scheme fulfils two important goals: (i) it improves the worst-case aliasing rejection and (ii) it preserves a low-complexity design that requires fewer hardware resources and consumes less power. The proposed system exhibits regularity, a desirable characteristic not present in other CIC-based recent methods from literature that have pursued the same goals.
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Introduction: Reducing the sampling rate by an integer factor is an ubiquitous process in multi-standard reconfigurable receivers [1] . This decimation is performed in stages, usually as shown in Fig. 1 . In order to reduce the hardware utilisation of the power-efficient but area-demanding polyphase arrays, F is typically set to a fixed small integer, whereas the last stage is a half-band decimator. Hence, the middle stage is based on a compact cascaded integrator-comb (CIC) filter to allow M to be large and able to change with little hardware utilisation even if on-line reconfiguration is needed. 
Fig. 1 Typical decimation chain
This proposal focuses on the CIC-based structure, which must inherit area efficiency (i.e. simplicity) and regularity from the original CIC, and simultaneously must solve the CIC's two major problems: (i) low attenuation in the folding bands and (ii) several integrators working at the high-rate section, which causes the CIC to be power demanding. The CIC has also an undesirable passband droop, but that problem is usually solved separately, either with a simple low-order compensator placed after the CIC structure [2, 3] or with the half-band filter itself [4] .
Among the up-to-date most representative solutions to improve the CIC's attenuation we have [5] [6] [7] [8] . However, they affect the simplicity and regularity of the CIC. For instance, the CIC-based filter from [4] uses coefficients that must be adjusted for every different value M. If on-line reconfiguration is required, these coefficients would need to be implemented using general multipliers, making the design to have undesirable complexity. Methods [5] [6] [7] [8] share the same basic idea, namely, cascading the high-rate referred transfer functions of several CICs designed for values ranging from M -3 to M + 3. For an adjustable downsampling factor M, the resulting structure can be reconfigurable at the unacceptable price of including a chain of M-1 registers (for the largest permissible M) along with multiplexers employed to accommodate different polyphase configurations for the comb sections of these CICs.
We present here a new solution for the aforementioned CIC's two problems, with the following characteristics: (i) M is non-prime (M = M 1 × M 2 ) in order to operate some integrators at a lower rate (decreased by M 1 ) and thus reducing their power dissipation; (ii) M 2 is an small prime between 2 and 7 in order to bound the bus width growth. The resulting system does not compromise the regularity in a great deal because many downsampling factors can be used in the proposed structure.
Proposed solution: Let us split into two terms the transfer function (referred to high rate) of a traditional CIC with K cascaded stages, i.e.
Since the term
] contributes more to the attenuation in the first folding band, where the worst-case attenuation occurs, we arbitrarily set K 2 + 2 cascaded stages for that term and K 1 cascaded stages for the first term, with K 2 > K 1 . We denote the resulting filter as G(z)
To improve the worst-case attenuation, we strategically spread two zeros around the first folding band by replacing the term (2) with a CIC filter sharpened with a second-degree Chebyshev polynomial of first kind (that polynomial is denoted by T 2 (x) = -1 + 2 × 2 , see eq. (2.57) in [9] ). The transfer function of the sharpened filter is
The coefficient γ is introduced to keep the zeros into the desired folding band and it must be tuned for every value M 2 . Thus, for the sake of regularity, we constrain M 2 to be any small prime between 2 and 7, and we look for a simple power-of-2 representation of γ that can be reconfigured for these values M 2 without needing multipliers or adders, but just an adjustable arithmetic shift called S. With the aforementioned modifications, we arrive to the proposed transfer function (referred to high rate)
where S can be chosen according to Table 1 . The proposed fully pipelined architecture, presented in Fig. 2 with details in Fig. 3 , is obtained after (i) applying multi-rate identities, (ii) cancelling numerators and denominators of the form [1 − z −M1 ] and (iii) inserting pipeline registers. That structure uses K 2 + 2 integrator-comb pairs and it is efficient because, for the common desired attenuations, K 2 + 2 < K usually holds, making our system to need fewer integrators than a CIC. Moreover, just K 1 integrators work at the high-rate section. 
Results: The number of integrator-comb pairs in the proposed structure (K 2 + 2) and the number of integrators working at the high-rate section (K 1 ), necessary to accomplish 60, 70, 80 and 90 dB of worst-case attenuation, are presented in Table 2 for values M ranging from 8 to 512. The number of integrator-comb pairs for the classical CIC filter (K, which is the number of integrators working at the high-rate section in the CIC structure) is also shown. M 1 and M 2 were chosen depending on what structure needed the less overall amount of integrators, and this choice turned out to obey a simple rule: M 2 must be as large as possible (for instance, for M = 2 p , with 3 < p < 9, we use M 2 = 2, whereas for M = 14 we use M 2 = 7). From Table 2 we observe that in most cases the number of integrator-comb pairs used in the proposed structure is less than the number of pairs used in the classical CIC, and the number of integrators working at the high-rate section is reduced by a half on average. The aforementioned advantages cannot be exploited neither for values M where the smallest prime factor M 2 is >7 nor for prime factors M (which in total is just about 23% of all the values M between 8 and 512). However, the usefulness of the proposed structure can be extended if we keep decreasing the arithmetic shift S (see Table 1 ) for primes M 2 >7, taking into account that the bus grows one bit for every decrement in S.
Finally, an example for M = 33 (M 1 = 11 and M 2 = 3), with 80 dB of desired attenuation, has been synthesised into the Altera's Cyclone-IV FPGA chip (device EP4CE115F29C7) for a detailed comparison. This chip is currently used on the DE2-115 development kit, popular at most universities. The operation of the proposed filter was simulated with an 8-bit 608 kHz cosine signal as input, sampled at 160 MHz. Power Play Power Analyser was employed for the estimation of power dissipation, using the Value Change Dump data generated by ModelSim to get an estimation with high level of confidence. TimeQuest Timing Analyser was employed for the estimation of performance, using the slow 85C timing model (the worst-case scenario). Post place-and-route results are presented in Table 3 , where we notice the benefits of the proposed system. 
Conclusion:
The proposed CIC-based decimator improves the worstcase magnitude characteristics of CIC filters with a very simple overall architecture. The resulting system preserves regularity and achieves lower hardware utilisation, lower power consumption and higher frequency of operation compared with recent methods from literature.
本文献由"学霸图书馆-文献云下载"收集自网络，仅供学习交流使用。 
